Insertions or deletions (indels) of amino acids residues have been recognized as an important source of genetic and structural divergence between paralogous Bcl-2 family members. However, these signature sequences have not so far been extensively investigated amongst orthologous Bcl-2 family proteins. Bcl2l10 is an antiapoptotic member of the Bcl-2 family that has evolved rapidly throughout the vertebrate lineage and which shows conserved abundant expression in eggs and oocytes. In this paper, we have unraveled two major sites of divergence between human Bcl2l10 and its vertebrate homologs. The first one provides length variation at the N-terminus (before the BH4 domain) and the second one is located between the predicted a5-a6 pore-forming helices, providing an unprecedented case in the superfamily of helixbundled pore-forming proteins. These two particular indels were studied phylogenetically and through biochemical and cell biological techniques, including truncation and site-directed mutagenesis. While deletion of the N-terminal extension had no significant functional impact in HeLa cells, our results suggest that the human Bcl2l10 protein evolved a calciumbinding motif in its a5-a6 interhelical region by acquiring critical negatively charged residues. Considering the reliance of female eggs on calcium-dependent proteins and calcium-regulated processes and the exceptional longevity of oocytes in the primate lineage, we propose that this microstructural variation may be an adaptive feature associated with high maternal expression of this Bcl-2 family member.
Introduction
The Bcl-2 family controls induction of apoptosis at the mitochondria via opposing functions of prosurvival and proapoptotic regulators (Youle and Strasser 2008; Chipuk et al. 2010) . Fundamental research work revealed that Bcl-2 family proteins have evolved considerable diversity in molecular interactions and regulatory processes. This observation was recently paralleled by phylogenomics (Aouacheria et al. 2005) and bioinformatic studies (Lama and Sankararamakrishnan 2010) that highlighted the extent of sequence variation within the family.
At a basic level, Bcl-2 homologous proteins can be considered as consisting of two halves: a divergent N-terminal part containing multiple types of regulatory motifs and a Cterminal moiety structurally related to Bcl-2. Both parts organize themselves structurally into a remarkably conserved Bcl-2 ''core'' fold composed of a globular bundle of 5-7 amphipathic helices surrounding one central hydrophobic a-helix (a5 in Bcl-xL and Bax) (Petros et al. 2004 ). However, this conservation of the tertiary fold should not obscure that, in addition to wide differences in primary sequence, there are significant differences in helix packing angles, length of the helices, distance between helices, secondary structures, and positioning of the connecting regions between helices (Aouacheria et al. 2005; Lama and Sankararamakrishnan 2010) . For example, Bcl-2 and Bcl-xL have a unique disordered loop between their BH4 and BH3 domains that contains recognition sites for phosphorylation by Ser/thr kinases and caspase-mediated cleavage (Cheng et al. 1997; Ito et al. 1997) . Conversely, some Bcl-2 proteins lack one or more helices of the prototypical Bcl-2 fold: contrary to Bcl-2 and Bax, Bid is devoid of the predominantly hydrophobic, C-terminal transmembrane (TM) helix important for localization to the mitochondrial outer membrane. Interestingly, Bid has evolved other molecular determinants enabling direct membrane association (Lutter et al. 2000; Veresov and Davidovskii 2007) . Last, several Bcl-2-like proteins such as Mcl-1 or Bcl2l12 (BPR) possess extended N-terminal regions (Aouacheria et al. 2005) . In the case of Mcl-1, this long N-terminal extension, which is predicted to be unstructured, contains PEST domains (rich in proline, glutamic acid, serine, and threonine residues) that have been shown to be involved in protein turnover (Kozopas et al. 1993) .
All these lines of evidence suggest that insertions or deletions (indels) of amino acids residues gave rise to length polymorphisms among paralogous Bcl-2 family members, which appear to convert into functional diversity. In this paper, we demonstrate that indels can also represent an important source of structural divergence between species homologs, that is, Bcl-2 family orthologous proteins. We report that the Bcl2l10 protein, the most divergent antiapoptotic member of the family (Aouacheria et al. 2005; Guillemin et al. 2009 ), underwent a complex process of ''tinkering'' during primate evolution, which resulted in 1) lengthening of the N-terminus by tandem duplication and 2) incorporation of amino acids in the interhelical region located between the predicted a5-a6 helices, providing an unprecedented case among channel-forming proteins from the colicin-diphtheria toxin superfamily. While deletion of the supernumerary N-terminal region did not result in either gain or loss of function toward apoptosis regulation, our results using HeLa cells indicate that the a5-a6 interhelical linker of human Bcl2l10 contains a number of residues involved in the control of prosurvival activity. We further identified this region as a novel calcium-binding sequence that, when expressed as a peptide fragment or within the purified recombinant protein, bound 45 Ca 2þ in overlay experiments. Based on these findings, we propose that Bcl2l10, a maternally expressed protein in vertebrates (Burns et al. 2003; Hamatani et al. 2004; Arnaud et al. 2006; Gallardo et al. 2007; Guillemin et al. 2009; Yoon et al. 2009 ), has evolved in the lineage leading to humans a novel and presumably adaptive property, namely calcium binding. As calcium-mediated signaling plays crucial roles during oocyte and egg development, this biochemical feature of Bcl2l10 is expected to impact oocyte maturation, fertility, life span, and/or early embryo development in humans.
Materials and Methods

Database Mining and Sequence Alignments
Ensembl and GenBank nucleotide and protein sequence databases were searched for proteins related to human BCL2L10 using either Psi-Blast (protein databases) or TBlastN (nucleotide databases) (Altschul et al. 1997) . Additional sequence fragments collected from the NCBI Trace Archive and Ensembl Trace Server were checked and assembled manually as part of an ongoing phylogenomic effort (Blaineau and Aouacheria 2009) . In a second round, homologous sequences were aligned with the ClustalW alignment program implemented in the graphical multiple sequence alignment editor SeaView version 4 (Gouy et al. 2010) or at the PBIL (Combet et al. 2000) using BLOSUM alignment matrices. The resulting initial alignments were optimized by adjusting the alignment parameters (gap penalties). Alignments were then processed using Boxshade (http://mobyle.pasteur.fr/cgi-bin/ portal.py?#forms::boxshade) to highlight identical residues in black and conservative changes in gray. Similarity searches were performed with the human LAAS peptide sequence using BLAST (Altschul et al. 1997) or Pattinprot (Combet et al. 2000) Antibodies, Peptides, and Reagents Primary antibodies were as follows: anti-GFP mouse monoclonal antibody (Roche), anti-Flag M2 monoclonal antibody (Sigma), anti-a-vinculin antibody (Sigma). HRP-conjugated goat anti-mouse and goat anti-rabbit secondary antibodies (Roche) were used as secondary antibodies. Western blot analysis was performed according to standard procedures. The following peptides: LAAS (TARWKKWGFQPRLKEQEG DVARDSQR, amino acids 115-140), LAAS* (TARWKKWGF QPRLKEQRGNVARDSQR), BCL2L10-a6L (RLKEQEGDVARD GQRLVALLSSRLMGQHRAWLQA, amino acids 126-159), BCL2L10-a6S (RDGQRLVALLSSRLMGQHRAWLQA, amino acids 136-159), and BAX-BH3 (VPQDASTKKLSECLKRIG-DELDSNMELQR, amino acids 50-78) were purchased from GeneCust EUROPE at a 2-or 5-mg scale and purified to .95% by high-performance liquid chromatography. Calreticulin and bovine serum albumin (BSA) were purchased from Sigma-Aldrich.
Molecular Cloning
Fresh fecal or blood samples were obtained from Gorilla gorilla (Parc Zoologique de Saint-Martin-la-Plaine), Callithrix jacchus (Centre de Primatologie de l'Université Louis Pasteur), Nomascus leucogenys (Mulhouse zoo), Papio anubis (Station de Primatologie de Rousset/Arc), and Chlorocebus aethiops (Centre de Primatologie de l'Université Louis Pasteur). Samples were collected in sterile bags or tubes and kept at À70°C and total DNA extractions were performed using QIAamp DNA stoll kit or QIAamp DNA blood kit (QIAGEN). The Bcl2l10 gene was polymerase chain reaction (PCR) amplified by using Herculase II Fusion DNA Polymerase (Stratagene) following Manufacturer's instructions with appropriate primers (supplementary table S1, Supplementary Material online). An additional amplification step (8 min at 72°C) using Expand High Fidelity PCR System (Roche) was carried out. PCR products were purified using Gel extraction kit (QIAGEN) and subcloned into TOPO TA Cloning vector (Invitrogen) following Manufacturer's instructions. Finally, each insert was sequenced by Genome Express (La Tronche, France). The cDNA of Bcl2l10 and its deletion or point mutants were synthesized by PCRbased strategies using appropriate primers (supplementary table S2, Supplementary Material online). The various PCR products were EcoRI/BamHI or XhoI/SpeI double digested and subcloned into the pEGFPC1 and pSG5Flag vectors, respectively. The cloned constructs were confirmed by automated dideoxynucleotide sequencing (Genome Express). The pSG5Flag-Bcl2l10D1-10 (Nrh) (Aouacheria et al. 2001) and pEGFPC1-Nrz (Arnaud et al. 2006 ) expression constructs have been generated previously.
Cell Culture and Cell Death Assays
HeLa cells were grown at 37°C, 5% CO 2 in Dulbecco's modifed Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum and penicillin/streptomycin (Gibco). Transfections were performed using Lipofectamine 2000 reagent (Invitrogen). Twenty-four hours after transfection, cells were treated for 24 h with thapsigargin (10 lM), Guillemin et al. · doi:10.1093/molbev/msr152 MBE etoposide (10 lM), taxol (2 lM), tunicamycin (20 lg/ml), or staurosporin (1 lM). Hoechst/PI labeling of cells to detect apoptotic and necrotic cell death was performed as described previously (Dive et al. 1992) . Hoechst 33342 and PI were from Molecular Probes (Invitrogen). Apoptotic cell death was quantified by Annexin-V-Cy3 staining according to manufacturer's protocols (BioVision Inc.), followed by flow cytometric analysis using a FACS Calibur (Becton Dickinson).
Confocal Microscopy Analysis
Cells were fixed in 4% paraformaldehyde, permeabilized in 0.1% Triton X-100 for 3 min, and treated with TO-PRO-3 iodide (final 2 lM, Molecular Probes) before mounting in a drop of antibleaching medium. Anti-Flag immunocytochemistry was performed as previously described (Aouacheria et al. 2001) . Confocal analysis was performed on a Zeiss confocal microscope (LSM510) (Le Pecq, France) with a plan apochromat 63 Â 1.4 oil immersion objective. Images were collected under identical nonsaturated conditions after multiple scans (;8 sections per cell).
Calcium-Overlay Assays
Recombinant GST-human BCL2L10, GST-BCL2L10n118-133, R/D 133 N], Nrz-His6, GST-Nr-13, and GST were produced and purified as described in Guillemin et al. (2009) and Girard-Egrot et al. (2004) . A total amount of 30 lg of peptides and recombinant proteins was directly blotted to a nitrocellulose membrane (pore size, 0.2 lm; Biorad). After four washes with imidazole buffer (10 mM imidazole, 60 mM KCl, 5 mM MgCl 2 , pH 6.8), membrane was incubated 15 min at room temperature with 200 ml of buffer supplemented with 45 Ca at 2.2 lCi/ml (PerkinElmer). After two washes with 50% (v/v) ethanolimidazole buffer, membrane was dried and exposed to Kodak BioMax MS film (Sigma-Aldrich).
CD Measurements
Far UV CD spectra were recorded on a Chirascan spectrometer (Applied Photophysics, United Kingdom). Measurements were carried out at 23°C in a 0.2-cm path-length quartz cuvette (Hellma), with peptide concentrations ranging from 10 to 20 lM in 20 mM ammonium carbonate buffer pH 7.7 with or without 10 mM final calcium chloride. Magnesium chloride (final concentration, 10 mM) was used as control. Spectra were measured in a 180-260 nm wavelength range with an increment of 0.2 nm, bandpass of 0.5 nm, and integration time of 1 s. Spectra were processed, baseline corrected, smoothed, and converted with the Chirascan software. Assuming the peptide molar ellipticity at 222 nm is exclusively due to a-helix, the helical content was estimated according to the method of Chen et al. (1974) .
Fluorescence Quenching Analysis
Experiments were performed at room temperature using a Photon Technology International Quanta Master I spectrofluorimeter. All measurements were recorded in 700-ll quartz cuvettes (Hellma) of 0.7-cm path length. Data were corrected for buffer contribution to fluorescence, and inner-filter effects were measured by collecting the same spectra with N-acetyltryptophanamide (NATA). BCL2L10-a6L peptide (0.17 lM in 20 mM ammonium carbonate buffer pH 7.7) was excited at 295 nm and the fluorescence emission scanned from 310 to 370 nm. Calcium-dependent fluorescence quenching Indel-Directed Tinkering of the Reproductive Protein Bcl2l10 · doi:10.1093/molbev/msr152 MBE experiments (0-2 mM CaCl 2 ) were performed at least three times. The corrected peak areas were fitted with the Sigma Plot software (v11, Systat Software Inc.). Percentages of fluorescence quenching were calculated as a ratio of peptide to NATA. Data were fitted assuming one binding site per peptide by equation
Statistical Analysis
Statistical significance of apoptosis data was determined by unpaired Student's t-test. Differences at P , 0.05 were considered statistically significant.
Results
Description and Evolutionary Analysis of Microstructural Variations in the Human Bcl2l10 Protein
Detailed structure-function information is currently known for only a limited number of oocyte proteins, meaning that our basic understanding of the molecular actors driving egg maturation, fertilization, and preimplantation development is very restricted. In addition to being the prominent maternally expressed Bcl-2 paralogue (Burns et al. 2003; Hamatani et al. 2004; Arnaud et al. 2006; Gallardo et al. 2007; Guillemin et al. 2009; Yoon et al. 2009 ), Bcl2l10 underwent accelerated evolution in vertebrates (Aouacheria et al. 2001 (Aouacheria et al. , 2005 Guillemin et al. 2009 ). To identify the specific amino acid sequences responsible for the high divergence levels observed in this orthology group, we first generated a multiple sequence alignment of Bcl2l10 orthologs from several mammals, birds, and fishes as well as a virus ( fig. 1 ). From this comparison, it appears that the interhelical turn located between the predicted a5 and a6 helices bears an additional dozen amino acids in human Bcl2l10 that are not present in homologous proteins from chicken or zebrafish. Moreover, human Bcl2l10 has a 10-amino acid extension at its N-terminus compared with orthologous sequences in Mus musculus and other nonprimate vertebrates. The predicted product Goodman et al. 2009 ). The Bcl2l10 protein found in anthropoid primates (anthropoids) has an extension of ten amino acids in the N-terminal side compared with other primates (others). Arrows denote the first in-frame methionine in each group. (B) Alignment of nucleotide sequences determined for the Nterminal region of primate Bcl2l10. The two tandem duplication units (shown in brackets) are bordered on each side by an ''ACC'' triplet (dotted lines). Possible tandem duplication history (repeat/ancestral) is indicated above the alignment. Arrows denote the start codon ATG found in Bcl2l10 from anthropoids versus other primates. Species abbreviations refer to full names given in (A). Sequences for Homo sapiens, Pan troglodytes, Pongo pygmaeus, Macaca mulatta, Tarsius syrichta, and Otolemur garnettii were from Ensembl (respective accession numbers: ENSG00000137875, ENSPTRG00000007083, ENSPPYG00000006483, ENSMMUG00000017372, ENSTSYG00000013586, and ENSOGAG00000008687). Sequences for Gorilla gorilla, Callithrix jacchus, Nomascus leucogenys, Papio anubis, and Chlorocebus aethiops were deduced from cloned partial ORFs (see Materials and Methods). (C) Alignments of nucleotide (left) and amino acid (inset) sequence repeats found in human Bcl2l10. Guillemin et al. · doi:10.1093/molbev/msr152 MBE encoded by the human Bcl2l10 gene has been described as a 194- (Aouacheria et al. 2001) or 204-amino acid long protein (Ke et al. 2001; Zhang et al. 2001) , depending on the absence or presence of this extension. The first region was termed LAAS (for Long Amino Acid Stretch in a previous publication (Zhang et al. 2001) ) and, by analogy, we decided to name the second one SAAS (for Short Amino Acid Stretch).
As a first step in deciphering the evolutionary mechanisms for the appearance of these regions, we have compiled and aligned Bcl2l10 amino acid sequences obtained from publicly available databases (Blaineau and Aouacheria 2009) or cloned by PCR using genomic DNA from different species, followed by sequencing.
On the one hand, we found that the SAAS region was present in great apes (humans, gorillas, chimps, and linker of Bcl2l10 in various vertebrates. All sequences were extracted from Ensembl database (version 58). Proposed phylogeny was adapted from Milinkovitch et al. (2010) . Ma, million years ago. (B) Multiple sequence alignment of the region located between the predicted a5 and a6 helices of Bcl2l10. Species abbreviations refer to full names given in (A). The a5-a6 connecting region of Bcl2l10 (named LAAS in the human protein) is highly variable in amino acid sequence between vertebrate species. The difficulty in validly identifying short homologous sequences renders the calculation of an evolutionary rate unreliable. The functionally important aspartate (D) and glutamate (E) residues involved in calcium binding by human Bcl2l10 are marked with asterisks. The locations of the predicted pore-forming a5 and a6 helices are indicated. The LAAS, LAAS*, BCL2L10-a6L, and BCL2L10-a6S peptides used in this study are schematized above the alignment.
Indel-Directed Tinkering of the Reproductive Protein Bcl2l10 · doi:10.1093/molbev/msr152 MBE orangutans) and absent in gibbons and other monkeys (baboons, macaques, and lemurs) ( fig. 2A ) as well as other vertebrates (supplementary fig. S1 , Supplementary Material online), suggesting that the event giving rise to this N-terminal extension occurred after the Old World monkeyhominoid split and after separation of the lesser apes from the other anthropoid lineages ;14 to 18 Ma (Goodman et al. 2005) . After careful inspection of the nucleotide alignment ( fig. 2B) , it was determined that in anthropoid primates Bcl2l10 contains an internal tandem duplication in which the upstream 30 base pairs are repeated and results in the addition of ten amino acids to the N-terminus (corresponding to the SAAS segment).
On the other hand, the a5-a6 interhelical region of Bcl2l10 exhibits variability both in sequence and in length across vertebrate species ( fig. 3A and B) . Indeed, the Bcl2l10 protein found in primates, Felis catus and euteleostean fishes, has a long a5-a6 linker, whereas most orthologous proteins present in the other lineages have a shorter interhelical region with unrelated amino acids. Such hypervariability in the LAAS region likely reflects complex patterns of mutation and selection, which perhaps took place after an initial insertion event in the early evolution of the bcl2l10 gene (most probably at the time vertebrates diverged from invertebrates, i.e., when most paralogous genes within the Bcl-2 family were formed- Aouacheria et al. 2005 ).
Bcl2l10 Microstructural Changes Distinctly Impact Cellular Function Toward Apoptosis Regulation
At the structural level, neither the SAAS, at the N-terminus, nor the LAAS additional residues, located between two elements of secondary structure (5th and 6th helices), are expected to modify the global protein fold (see model in fig. 4 ), as such regions are known to be quite permissive with regards to indels. However, secondary structure predictions using the NPS@ server (Combet et al. 2000) suggest the possibility of some subtle structural changes (supplementary fig. S2 , Supplementary Material online). Because the actual structure of membrane-bound or complexed human Bcl2l10 is unknown, making any structural or mechanistic predictions difficult, we sought to identify specific residues in the SAAS and LAAS sequences that may have functional importance. We first asked whether deletion of the SAAS and LAAS regions could impact human Bcl2l10 protein function in apoptosis regulation. For this purpose, recombinant Bcl2l10 constructs harboring a deletion of the first ten amino acids (Nrh, Aouacheria et al. 2001) or missing the segment from amino acids 118 to 133 ( fig. 5A ) were assayed by scoring either condensed Hoescht-stained nuclei ( fig. 5B) or Annexin V-positive HeLa cells ( fig. 5C ) after treatment with classical apoptosis inducing agents such as thapsigargin or staurosporin. While Bcl2l10 mutants lacking the N-terminal ten amino acids (D1-10) retained prosurvival activity at a similar level to the full-length protein ( fig. 5B and C) , the mutant lacking the LAAS region lost most of its antiapoptotic ability, irrespective of whether apoptosis is triggered by thapsigargin ( fig. 5C ) or by other cell death inducers such as taxol, staurosporin, and tunicamycin (not shown). Although this latter mutant (D118-133) did not show reduced mitochondrial localization ( fig. 6 ), cells expressing pEGFPC1-Bcl2l10D118-133 frequently had aggregated GFP fluorescence in the cytoplasm, which may be indicative of structural defects. A more detailed mutational analysis was conducted using Bcl2l10 mutants that included deletions of residues   FIG. 4 . Homology-driven model of human Bcl2l10. The human Bcl2l10 protein (A) has been modeled using M4T (Fernandez-Fuentes et al. 2007) on the known 3D solution structure of mouse Diva/Boo (B) (pdb code: 2kua, Rautureau et al. 2010) . The positions of a5-a6 helices are indicated and BH domains are colored as follows: BH1, orange; BH2, purple; BH3, yellow; BH4, red. Presence of the SAAS region is predicted to extend the BH4-containing first helix (A). In the structural model of human Bcl2l10 (A), a potential calcium-binding domain is localized in the a5-a6 interhelical loop (in cyan) that protrudes from the surface of the more tightly packed portion of the Bcl-2-like globular fold. The negatively charged Asp/Glu residues expected to be involved in calcium binding are colored in deep blue, with side chains shown as sticks and residue numbers indicated. Proposed structure of the SAAS (in green) is consistent with a disordered N-terminal tail. For the published molecular conformation of the mouse Diva/Boo protein (B), the first five residues (GPLGS) were deleted from the original PDB file. Despite the absence of SAAS motif, the N-terminus also appears unstructured and solvent exposed. The interhelical a5-a6 linker is colored cyan.
Guillemin et al. · doi:10.1093/molbev/msr152 MBE 117-129 and 129-133. As shown in figure 6B , the mutant (n129-133) deleted for residues 129-133, but not the one lacking amino acids 117-129 (D117-129), was deficient in antiapoptotic activity. Furthermore, point mutations involving the negatively charged residues located in this region (E129, E131, D133), or in its close vicinity (D137), decreased the prosurvival effect of human Bcl2l10 ( fig. 5C ). Subcellular distribution of the wild-type Bcl2l10 protein and of these mutants fused to GFP was virtually identical ( fig. 6A and not shown) . The staining pattern shows a partially diffuse and partially mitochondrial and perinuclear localization consistent with previously published in vitro (Aouacheria et al. 2001; Ke et al. 2001; Zhang et al. 2001 ) and in vivo (Guillemin et al. 2009 ) results. Taken together, these results reveal that the LAAS region contains a cluster of acidic amino acids that are important for human Bcl2l10 function.
Interestingly, these negative residues, which are not predicted to be part of the BH3-binding hydrophobic groove of Bcl2l10 ( fig. 4 ), appear to be strictly conserved in primates ( fig. 3B ), whereas being absent (except D137) in other mammals. Given the phyletic distribution of these Asp/Glu residues, we reasoned that positive selection should have operated on the interhelical region to drive their acquisition at the base of the primate lineage, before they became fixed by purifying selection. In order to determine if the negative charge at these positions was involved in conferring some biochemical peculiarity to human Bcl2l10, that is, a favorable characteristic that could be selected for, we carried out extensive similarity searches and sequence motif analysis. We detected that the acidic region EQEGDVARD was bearing resemblance to reported calcium-binding sequences (Chattopadhyaya et al. 1992; Siedlecka et al. 1999; Shashoua et al. 2003 Shashoua et al. , 2004 , and it was thus hypothesized that these residues could be involved in calcium chelation.
Human Bcl2l10 Has Evolved a Novel CalciumBinding Site
To test the hypothesis that human Bcl2l10 binds to Ca 2þ , standard dot blot 45 Ca-overlay assays were performed. Radiolabeled Ca 2þ was not bound by GST or BSA, was bound robustly by the established Ca 2þ -binding protein calreticulin, and was reproducibly bound by GST-Bcl2l10 ( fig. 7 , left, middle, and right panels). Moreover, using the same system, we demonstrated that Nrz-His 6 and GST-Nr-13, which are Bcl2l10 orthologous proteins devoid of the LAAS region, fig. 7, left panel) . To map the region responsible for the calcium-binding activity of human Bcl2l10, we constructed two mutant genes: a first with an internal deletion whose product was missing the region from residues 118 to 133 and a second encoding amino acid substitutions of selected negatively charged residues in this region (E . Moreover, the negatively charged residues important for Bcl2l10 protective activity appear to be required for calcium binding in vitro.
Last, we asked whether a peptide corresponding to helix a6 of human Bcl2l10, and which extends a few residues beyond the predicted helical region to incorporate the putative calcium-binding residues, could change its secondary structure in the presence of Ca 2þ . Our CD spectra ( fig. 8A-E) indicate that the folding of this peptide is limited in buffer (small negative shoulder around 220 nm, fig. 8A ), and the large negative band around 202 nm indicates a predominance of unfolding. The large intensity decrease of this band upon addition of Ca 2þ indicates some increase of folding. As expected for helix a6, in the presence of sodium dodecyl sulfate (SDS) or trifluoroethanol (TFE) used to probe the conformational preferences of peptides (Buck 1998; Montserret et al. 2000) , the CD spectra were typical of a-helical folding with two minima at 208 and 222 nm ( fig. 8A and B) . Addition of Ca 2þ , but not Mg 2þ ( fig. 8D ), caused an increase in a-helical content of about one helix turn in the presence of SDS ( fig. 8A ) or 50% TFE ( fig.  8B ) at physiological pH. In contrast, calcium had no effect at acidic pH (where Asp/Glu residues are expected to be protonated and uncharged) ( fig. 8A ) or on a truncated peptide (a6S) lacking the Asp/Glu residues located at the Cterminal end of the LAAS region ( fig. 8E ). In addition, intrinsic tryptophan fluorescence of this BCL2L10-a6L peptide was quenched by calcium ions (see supplementary fig. S3 , Supplementary Material online). Thus, a peptide containing the negatively charged residues of the a5-a6 connecting region is structurally responsive to the presence of calcium ions. Moreover, these findings suggest that calcium could induce or stabilize the structure of this BCL2L10 region.
Discussion
Although indels are a common type of evolutionary sequence variation, the possible mechanisms underlying their appearance and their functional consequences have often been undervalued or neglected. Still, a number of studies have established that structurally variable regions within core Bcl-2 family proteins are not simply passive linkers but can contribute to their functional specificities and play important roles in apoptosis regulation (Kozopas et al. 1993; Cheng et al. 1997; Ito et al. 1997; Lutter et al. 2000; Veresov and Davidovskii 2007) . Here, it has been shown that, on the one hand, human Bcl2l10 contains a ten-amino acid sequence extension (termed SAAS) at its N-terminus compared with its mouse homolog (Diva/Boo). Our phylogenetic analysis indicated that the SAAS, which formed in the evolutionary history FIG. 6 . Subcellular localization of wild-type and mutant Bcl2l10 proteins. HeLa cells were cotransfected with mito-DsRed plasmid (encoding DsRed2 fused to the mitochondrial targeting sequence from subunit VIII of human cytochrome c oxidase) and the Flag-or GFP-tagged constructs. Subcellular distribution was analyzed by confocal microscopy 24 h after transfection. DNA dye Topro-3 (blue) was used to visualize nuclei. In merge images (overlay), yellow color shows the colocalization of GFP or Flag fluorescence (green) with mitochondria (red). Guillemin et al. · doi:10.1093/molbev/msr152 MBE of primates by classical tandem repeat (Madsen et al. 2008 ), has been retained over evolutionary time (i.e., in great apes), suggesting some functional importance. Yet, deletion of this segment was found to be neutral to apoptosis inhibition in our study using HeLa cells treated with various cell death inducers. This result does not imply that the SAAS region plays no functional role, including in apoptosis regulation. Indeed, it has been observed that sequence insertions can cause proteins to change their conformation and therefore to develop novel molecular surfaces and protein interfaces, modifying protein-protein interactions and protein network characteristics (Wagner 2003) . Intriguingly, evolution of the SAAS was accompanied by the appearance a dithreonine motif (T9T10) in a region sterically accessible to phosphorylation, that is, potentially conferring a novel regulatory level. A small and reversible change in the surface charge of the N-terminus, due to phosphorylation of these two threonine residues, would be expected to introduce a kink in the protein chain relative to the native structure (Tholey et al. 1999) , potentially affecting the nearby BH4 domain, or to modify association with the negatively charged mitochondrial lipids (Sani et al. 2008) . While emphasis has been placed here on in vitro cell death assays as a functional readout, it is possible that the SAAS exerts more subtle molecular effects by (de)stabilizing the hydrophobic cleft formed by BH1-3 (Wang et al. 2007) or by modulating interaction with Bax (Ding et al. 2010) or with other relevant binding partners like Nur77 (Luciano et al. 2007 ; Kolluri et al. 2008 ) and TCTP (Guillemin et al. 2009) . It is also possible that the SAAS exerts effects on processes other than those involved in apoptosis regulation, such as oocyte meiotic maturation (Yoon et al. 2009 ) or cell movements (Arnaud et al. 2006) .
On the other hand, the linker region between the predicted a5 and a6 helices, which form a functionally important hairpin structure in Bcl-2 proteins (Nouraini et al. 2000; Heimlich et al. 2004; Annis et al. 2005; Veresov and Davidovskii 2007; Guillemin et al. 2010; Valero et al. 2011 ) and other membrane-active globular proteins from the colicin-diphtheria toxin superfamily, evolved rapidly in Bcl2l10 to accept a variety of single amino acid replacements and indels of varying sizes (which preclude calculating accurate rates of molecular evolution). This interhelical region (named LAAS in the human Bcl2l10 protein due to its record size) is likely to lack a welldefined structure under basal conditions but may assume a different conformation under particular conditions, such as after integration in intracellular membranes or following interaction with binding partner(s). As evolutionary and structural variability frequently form the basis of functional evolvability (Tompa and Fersht 2009) , we hypothesized that such indel site may be associated with some change in protein function through fixation of selectively beneficial mutations. Based on this assumption, we identified functionally relevant residues located within the LAAS region, which appeared to be involved in calcium binding by human Bcl2l10 in addition to its main role in apoptosis control. At this time, one previous study reported a zinc binding site on helix a6 of another Bcl-2 protein, namely calpain-proteolysed Bak (Moldoveanu et al. 2006) , although this binding and its putative structural Indel-Directed Tinkering of the Reproductive Protein Bcl2l10 · doi:10.1093/molbev/msr152 MBE and functional significance were recently challenged (Graslund et al. 2008; Dewson et al. 2009; Wang et al. 2009 ).
The potential biological relevance of the presumed low affinity Ca 2þ -binding site in human Bcl2l10 also needs further investigations. Our data suggest that calcium binding does not affect the primary function of human Bcl2l10 (i.e., antiapoptotic action, which was found to be comparable to that of Nrz and Nr-13) but is likely to represent a secondary activity, which may provide fitness advantage in the context of in vivo expression.
Indeed, we (Arnaud et al. 2006; Guillemin et al. 2009 ) and others (Burns et al. 2003; Hamatani et al. 2004; Gallardo et al. 2007; Yoon et al. 2009 ) have previously shown that Bcl2l10 is a prominent maternally expressed BCL-2 family paralogue, with strong conservation of expression pattern at the egg-to-zygote transition throughout the vertebrate lineage, MBE from zebrafish to primates. Like many reproductive factors which have evolved rapidly at the molecular level (Wyckoff et al. 2000; Swanson et al. 2001) , the maternal protein Bcl2l10 can be considered a typical example of extensive changes in the coding sequence without modifications of cell-type specificity. Yet, presence and conservation of a unique calciumbinding site in the LAAS region of primate Bcl2l10 suggests that this motif may have evolved as a previously successful adaptation in this lineage. Among other characteristics, primates differ from other mammals in the remarkable longevity of their female germ cells, oocytes outliving almost all other cells in their body. Moreover, Bcl2l10 was detected in neuronal cells (Jankowski et al. 2006; Thiersch et al. 2008) , cardiomyocytes (Inohara et al. 1998; Song et al. 1999) , and plasma cells (Luciano et al. 2007 ), which correspond also to long-lived cells where calcium signaling could be crucial. Interestingly, in mouse and human oocytes, the BCL2L10 protein is primarily distributed near the oocyte cortex (Guillemin et al. 2009 ), in a microzone containing highpolarized mitochondria that were proposed to be essential for calcium sensing and for the regulation of calcium fluxes during fertilization and early preimplantation development. From all this data, it is tempting to speculate that expression of a calcium-binding Bcl2l10 protein in these cell types might be a specialized adaptation of normally long-lived cells (either postmitotic or blocked in meiosis like oocytes) to supply these cells with additional protection from calciummediated cell death activation and to prevent their accidental or premature death.
In conclusion, we characterized two major sites of divergence (SAAS and LAAS) between human Bcl2l10 and its vertebrate homologs including mouse Diva/Boo. While the 10 supernumerary amino acids (SAAS) at the N-terminus of human Bcl2l10 did not appear to be crucial for apoptosis regulation, residues within the highly divergent a5-a6 connecting region (LAAS) were found to be involved in prosurvival function and binding to Ca 2þ . Conventional point-mutation/deletion approaches such as those used in this paper can be sensitive to dependencies between residues at different positions in the structure (e.g., between LAAS residues and structurally distal amino acids) and therefore do not allow an easy discrimination between both activities. As a complementary strategy, design and functional characterization of recombinant Bcl-2 homologous proteins harboring an ectopic insertion of the LAAS between their pore-forming helices would help to determine whether this motif per se affects apoptosis regulation and confers calcium-binding properties. The putative calcium-binding site found in human Bcl2l10 does not conform to known high-affinity calcium-binding loops (e.g., EF hands), so it is unlikely that human Bcl2l10 act as an intracellular calcium buffer (''calcium scavenger hypothesis''). Rather, calcium chelation with low affinity is predicted to reversibly enhance the positive net charge of the a5-a6 linker. This local event may induce small structural changes but sufficient to affect the binding of Bcl2l10 to specific partners (''calcium-sensitive switch hypothesis''). Further studies of the intriguing interaction between human Bcl2l10 and calcium and its possible functional consequences on oocyte survival seem warranted. Last, since BCL2L10 is expressed by various cancer cells (Yasui et al. 2004; Luciano et al. 2007; Krajewska et al. 2008; Valdez et al. 2008) , the LAAS and SAAS insertion sites on Bcl2l10 might also prove useful for developing therapeutic compounds targeting specifically the human Bcl2l10 but not other Bcl-2 family proteins.
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